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HIGHLIGHTS 


^  Combustion  reactor  heat  capacity  significantly  influences  the  thermodynamics  of  the  process. 

^  Low-  and  high-temperature  oxidation  in  a  porous  reactor  is  much  faster  with  shorter  delay  time. 
^  Combustion  temperature  and  pressure  peaks  are  significantly  reduced  in  porous  reactor. 

^  Qualitative  similarity  of  heat  release  process  under  Diesel  and  in  porous  reactor  conditions. 
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A  specially  developed  macro-cellular  SiC  non-foam  reactor  has  been  used  for  investigations  into  Diesel- 
fuel  injection,  mixture  formation  and  the  heat  release  process  inside  a  porous  structure  under  piston- 
engine  conditions.  The  heat  release  process  has  been  compared  to  a  free  Diesel  combustion  indicating 
a  significant  influence  of  the  reactor  heat  capacity  on  the  thermodynamics  of  the  process.  Generally, 
the  low-  and  high-temperature  oxidation  processes  in  a  porous  reactor  are  much  faster,  because  of 
shorter  delay  time  as  compared  to  a  free  non-premixed  combustion.  High  heat  capacity  of  the  porous 
reactor  as  compared  to  the  gas  heat  capacity  results  in  significantly  reduced  combustion  temperature 
and  corresponding  combustion  pressure  peaks.  Foam  reactors  with  low  and  high  pore  density  have  also 
been  compared  in  this  investigation.  The  mixture  formation,  heat  transfer  and  heat  release  processes  per¬ 
formed  in  a  porous  reactor  are  very  complex  and  depend  on  a  number  of  different  parameters  of  the  com¬ 
bustion  reactor  in  question:  reactor  structure,  its  heat  capacity,  pore  size,  specific  surface  area  and  wall 
junction  geometry.  Distribution  of  characteristic  regions  plotted  in  p-T  areas  indicates  qualitative  simi¬ 
larity  of  heat  release  process  as  performed  under  Diesel-like  and  in  porous  reactor  conditions. 

©  2012  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Fuel  injection,  mixture  preparation,  low-  and  high-temperature 
oxidation  processes  (including  ignition)  play  a  critical  role  in  the 
control  of  an  engine  combustion  process,  especially  in  the  case  of 
a  self-ignition  process,  and  corresponding  exhaust  emissions.  The 
low-temperature  oxidation  is  usually  treated  as  a  two-stage  pro¬ 
cess:  cool  and  blue  flames  are  followed  by  high-temperature  oxida¬ 
tion.  The  time  between  the  beginning  of  fuel  injection  and  the  rapid 
pressure  increase  corresponding  to  the  high-temperature  heat 
release  process  is  considered  as  an  ignition  delay  period.  During  this 
period  a  number  of  complex  chemical  and  physical  processes 
have  to  be  performed.  For  example  chemical  reactions  (so-called 
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pre-ignition  or  low-temperature  oxidation  processes)  are  per¬ 
formed  in  order  to  prepare  proper  conditions  for  a  thermal  ignition 
(auto  ignition)  process  in  dependence  on  the  temperature  and  pres¬ 
sure  conditions.  Physics  of  the  process  must  consider  a  chain  of 
such  processes  as  the  fuel  supply  process  (injection),  spray  distribu¬ 
tion  in  space,  spray  atomization,  fuel  vaporization  and  mixing  with 
air.  These  processes  are  of  high  complexity  especially  in  the  case  of 
Diesel-like  engine  conditions  where  the  resulting  mixture  is  highly 
non-homogeneous  and  time-space  dependent.  For  a  future  clean 
engine  (required  homogeneous  combustion)  the  chemistry  of  the 
pre-ignition  processes  as  well  as  controlled  auto  ignition  are  the 
key  factors  for  process  realization  under  variable  engine  loads  and 
rates.  Further  engine  development  requires  the  realization  of  a 
combustion  process  fulfilling  the  following  conditions:  lowest  fuel 
consumption  (minimum  C02)  and  nearly-zero  exhaust  emissions 
level.  Both  requirements  can  only  be  satisfied  by  the  realization  of 
a  homogeneous  combustion  process.  This  process  is  here  defined 
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Fig.  1.  (a)  Model  lattice  structure  for  three-dimensional  printing;  macro-cellular  structures  manufactured  by  3D  printing:  (b)  as-printed  and  liquid  silicone  resin  infiltrated, 
(c)  pyrolysed  and  (d)  Si  infiltrated  (SiSiC). 
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Fig.  2.  Scheme  of  the  test  rig  with  combustion  chamber. 
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Fig.  3.  Cross-section  of  combustion  chamber. 

as  a  simultaneous  volumetric  ignition  of  a  homogeneous  (prefera¬ 
bly  premixed)  mixture.  As  a  result  a  flameless  combustion  process 
characterized  by  a  homogeneous  temperature  field  is  expected. 
Application  of  such  a  kind  of  combustion  requires  not  only  homog¬ 
enization  of  the  charge  in  a  wide  range  of  engine  loads,  but  control 
of  ignition  timing  at  variable  mixture  compositions  (2)  and  engine 
speeds,  control  of  the  heat  release  rate  and  corresponding  cylinder 
pressure  and  pressure  gradient,  as  well  as  control  of  the  combustion 


temperature  for  very  low  NOx-levels.  There  is  a  number  of  engine 
concepts  (mostly  known  as  a  HCCI  systems),  but  no  system  known 
to  the  authors  can  satisfy  all  conditions  selected  above,  at  least  if 
variable  load  conditions  are  considered.  There  are  also  “unconven¬ 
tional”  engine  concepts  having  a  great  potential  for  realization  of  a 
homogeneous  combustion  process  in  engines.  One  of  such  engine 
concepts  is  of  an  engine  in  which  mixture  formation,  ignition  and 
combustion  processes  are  performed  not  in  a  free  volume  of  com¬ 
bustion  chamber  but  in  a  porous  reactor,  as  proposed  by  Durst 
and  Weclas  [1  ].  This  engine  concept  has  great  potential  for  high  cy¬ 
cle  efficiencies  and  for  a  nearly-zero  emissions  level  allowing  com¬ 
bustion  temperature  control  below  thermal  NOx-formation.  There 
is  only  very  weak  information  available  in  the  literature  on  this  kind 
of  combustion  in  engines.  Especially  there  is  a  lack  of  information 
on  the  nature  of  actual  processes  in  porous  reactors.  Additionally, 
development  of  a  high-temperature  open  cell  and  highly  porous 
structures  for  application  to  internal  combustion  engines  is  neces¬ 
sary  for  development  of  this  kind  of  combustion  systems.  The  pres¬ 
ent  paper  combines  both  the  development  of  three-dimensional 
open-cell  macro-cellular  non-foam  structures  with  basic  inves¬ 
tigation  on  mixture  formation  and  combustion  in  such  reactors 
under  engine-like  conditions.  For  realization  of  engine  combustion 
in  a  porous  reactor  it  is  very  important  to  understand  the  role  of 
the  reactor  (especially  its  structure  and  heat  capacity)  in  supporting 
of  engine  processes  such  as  fuel  distribution  in  space,  fuel 
vaporization  and  charge  homogenization  as  well  as  heat  release. 


J.  Cypris  et  al./Fuel  102  (2012)  115-128 


117 


Table  1 

Definition  of  different  delay  times  of  pre-ignition  and  high-temperature  oxidation  reactions. 


Symbol 

Name 

Definition 

tcF 

C>F 

Comb 

Characteristic  time  of  cool-flame  reactions 
Characteristic  time  of  blue-flame  reactions 
Characteristic  time  of  high-temperature 
reactions 

Time  period  between  start  of  fuel  injection  (IB)  and  the  beginning  of  cool-flame  pre-ignition  reactions 

Time  period  between  start  of  fuel  injection  (IB)  and  the  beginning  of  blue-flame  pre-ignition  reactions 

Time  period  between  start  of  fuel  injection  (IB)  and  the  beginning  of  high-temperature  oxidation  reactions 
(thermal  ignition) 
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Fig.  4.  Heat-release  process  in  a  porous  reactor  (SiC  macro-cellular  structure)  as  compared  to  free  Diesel-like  combustion;  piB  =  14bar,  Tib  =  400°C,  pjnj  =  600  bar, 
mfuei  =  23.7  mg. 


The  present  paper  describes  a  unique  experimental  investigation, 
probably  one  of  the  first  reported  in  the  literature,  on  combustion 
in  open-cell  macro-cellular  reactors  under  Diesel-engine-like 
conditions.  Section  2  describes  a  macro-cellular  reactor  with  a 
combustion  chamber  and  under  test  conditions  as  used  in  the 
present  investigation.  Section  3  describes  results  and  their  discus¬ 
sion.  In  Subsection  4.1  the  heat  release  process  in  a  macro-cellular 
SiC  reactor  is  compared  to  a  free  Diesel-like  combustion  process. 
Additionally,  the  process  is  compared  to  combustion  in  porous 
reactors  made  of  SiC  foam  structures  having  different  pore 
densities.  Subsection  4.2  describes  the  heat-release  process  in  a 
macro-cellular  SiC  non-foam  reactor  for  different  test  conditions: 
at  constant  reactor  temperatures  and  variable  initial  gas  pressures, 
as  well  as  for  a  constant  amount  of  injected  fuel.  Results  are 
summarized  in  Section  5. 


2.  Combustion  reactors,  combustion  chamber  and  test 
conditions 

2.2.  Macro-cellular  SiC  non-foam  porous  reactor 

SiC  ceramics  have  been  a  focus  of  attention  in  the  field  of  por¬ 
ous  ceramics  due  to  their  superior  properties  at  high  tempera¬ 
tures,  such  as  high  thermal  conductivity,  excellent  corrosion 
and  oxidation  resistance,  and  good  thermal  shock  and  thermal  fa¬ 
tigue  stability  [2-4].  Although  SiC  and  SiSiC  ceramics  start  to  oxi¬ 
dise  at  temperatures  as  low  as  600  °C,  a  dense  protection  layer  of 
amorphous  silica  is  formed  on  the  surface  which  allows  these 
materials  to  be  used  up  to  reasonably  high  temperatures.  Com¬ 
pared  to  alumina,  Si-infiltrated  reaction-bonded  SiC  (RB-SiSiC) 
has  the  benefits  of  a  high  thermal  conductivity  and  emissivity,  a 
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Fig.  5.  Temperature  histories  of  heat  release  process  in  free  volume  combustion  chamber  and  in  macro-cellular  reactor  at  initial  temperature  IIB  =  600  °C  and  mfuei  =  23.7  mg. 


to 


Fig.  6.  Delay  time  t  and  reaction  rate  (slope  si)  in  a  porous  reactor  (SiC  macro-cellular  structure)  as  compared  to  free  Diesel-like  combustion;  IIB  =  400  °C,  pinj  =  600  bar, 
mfuei  =  23.8  mg. 


lower  coefficient  of  thermal  expansion,  and  very  good  thermal 
shock  resistance  [5-7].  For  the  present  investigations  a  macro- 
cellular  lattice  structure  based  on  silicon  carbide  (non-foam 
structure)  with  600  vertical  cylindrical  struts  was  fabricated  and 
applied  to  engine-like  combustion  conditions  (Fig.  1).  The  lattice 
design  with  a  high  porosity  >80%  was  shaped  by  indirect  three- 
dimensional  printing  of  a  SiC  powder  mixed  with  a  dextrin  binder 
which  also  serves  as  a  carbon  precursor.  Pressureless  infiltration 


of  silicon  melt  at  1500  °C  driven  by  capillary  suction  finally  re¬ 
sulted  in  dense  struts  of  reaction  bonded  silicon  carbide  com¬ 
posed  of  approximately  50  wt.%  SiC  and  50  wt.%  Si.  Fig.  1  shows 
the  macro-cellular  structures  at  the  various  stages  of  processing. 
Total  dimensional  changes  of  <3%  during  the  whole  processing 
stage  were  measured.  An  experimental  procedure  for  manufactur¬ 
ing  of  the  macro-cellular  lattice  structure  has  been  described  in 
detail  in  [8]. 


J.  Cypris  et  al./Fuel  102  (2012)  115-128 


119 


Fig.  7.  Comparison  of  SiC  foam  reactor  (left)  and  macro-cellular  SiC  non-foam  reactor  (right). 


Fig.  8.  Comparison  of  fuel  distribution  over  the  reactor  cross-section  during  Diesel  injection  for  reactors  having  different  pore  densities  (8  ppi,  10  ppi  and  30  ppi). 


2.2.  Combustion  chamber  and  fuel  injection  system 

In  order  to  perform  detailed  investigations  on  low-  and 
high-temperature  oxidation  processes  in  porous  reactors  under 
engine-like  conditions  of  wide  flexibility,  a  special  high-pressure, 
high-temperature,  constant-volume  and  adiabatic  combustion 
chamber  has  been  built  and  equipped  with  a  Diesel  common-rail 
injection  system  (Figs.  2  and  3). 

This  system  simulates  the  thermodynamic  conditions  at  the 
time  instance  of  injection  onset  (corresponding  to  the  nearly 
TDC  of  compression  in  a  real  engine),  however,  the  pressure 
and  temperature  can  be  chosen  independently  from  one  another 
[9-11]. 

The  following  test  conditions  characterize  the  variability  of  the 
combustion  chamber  used  in  the  present  investigation: 

•  free  setting  of  initial  chamber  temperature  in  the  range  from 

20  °C  to  1000  °C 


•  free  setting  of  the  initial  chamber  pressure  in  the  range  from 
1  bar  to  20  bar 

•  insulation  of  the  thermal  radiation  of  the  chamber  walls 

•  different  CR  injectors  can  be  used  and  variable  injection  param¬ 
eters  can  be  applied  (injection  pressure,  duration,  multiple 
injection,  etc.) 

•  CR  injector  is  water  cooled  preventing  thermal  overload  in  the 
chamber 

•  conventional  spark  plug  is  applied  for  simulation  of  local  igni¬ 
tion  (if  applied) 

•  controlled  amount  of  air  (or  gas)  supply  for  control  of  air-excess 
ratio 

•  variable  vertical  location  of  the  nozzle  tip  in  the  chamber 

•  combustion  chamber  is  covered  with  thermally  insulated  exter¬ 
nal  chamber 

•  chamber  temperature  is  set  using  an  electrical  heating  system 
(electric  contacts  through  electrodes  of  conventional  spark 
plugs) 


120 


J.  Cypris  et  al./Fuel  102  (2012)  1 15-128 


Fig.  9.  Comparison  of  pressure  histories  (top)  and  pressure  gradients  (bottom)  of  the  combustion  process  in  a  macro-cellular  SiC  reactor  with  combustion  in  a  SiC-foam 
reactor  of  high  pore  density  (30  ppi)  for  initial  temperature  IIB  =  600  °C  and  initial  gas  pressure  pIB  =  18  bar,  mfuei  =  23.7  mg  (pressure  traces  are  measured  in  time  after  fuel 
injection  starts). 
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Fig.  10.  Comparison  of  pressure  histories  (top)  and  pressure  gradients  (bottom)  of  the  combustion  process  in  a  macro-cellular  SiC  reactor  with  combustion  in  a  SiC-foam 
reactor  of  low  pore  density  (8  ppi)  for  initial  temperature  IIB  =  600  °C  and  initial  gas  pressure  pIB  =  14  bar,  mfuei  =  23.7  mg  (pressure  traces  are  measured  in  time  after  fuel 
injection  starts). 
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Fig.  11.  Pressure  history  (top)  and  pressure  gradient  distribution  (bottom)  as  measured  in  a  macro-cellular  SiC  non-foam  reactor  in  time  after  fuel  injection  starts: 
Tib  =  400  °C,  mfuei  =  23.7  mg,  plB  =  var. 


•  combustion  chamber  is  equipped  with  a  high-resolution  pres¬ 
sure  transducer  for  measuring  pressure  history 

•  combustion  chamber  can  additionally  be  equipped  with  an 
endoscopic  visualization  system  including  a  CCD  or  a  high¬ 
speed  camera. 

During  the  combustion  process  the  chamber  is  considered  as  a 
closed  system  having  a  constant  volume.  According  to  the  first  law 
of  thermodynamics  for  a  constant-volume  and  adiabatic  system 
the  changes  in  the  internal  energy  du/dt  directly  correspond  to 
the  heat  release  rate  in  the  chamber  dQ/dt.  Assuming  that  the  com¬ 
bustion  chamber  during  a  short  period  of  ignition  and  combustion 
is  considered  as  an  adiabatic  system,  any  measured  changes  in  the 
chamber  pressure  correspond  directly  to  the  heat  released  (or 
consumed)  in  the  chamber. 

3.  Test  conditions  for  investigating  of  Diesel  injection  and 
combustion  in  porous  structures 

A  non-stationary  flameless  and  clean  combustion  under  piston 
engine  conditions  as  performed  in  porous  structures  include  a 
number  of  individual  processes  including  high  pressure  fuel  injec¬ 
tion,  fuel  distribution  in  the  reactor  volume,  heat  transfer,  fuel 
vaporization,  pre-ignition  reactions  (cool  and  blue  flames),  thermal 
ignition  and  combustion  process  itself  [9-11].  The  nature  of  these 
processes  is  still  almost  unknown  and  only  very  weak  information 
is  available  in  the  literature.  Especially  a  lack  of  experimental  data 
is  noticeable.  Basic  research  and  measurements  on  individual 
processes  in  porous  reactors  as  presented  in  this  paper  have  been 
performed  in  special  measurement  systems  for  investigating 


high-pressure  Diesel  injection  and  fuel  distribution  in  porous 
structures  [12-16],  as  well  in  a  combustion  chamber  as  described 
above.  The  process  of  fuel  distribution  in  a  porous  reactor  has  been 
investigated  using  CCD  and  high-speed  visualization  techniques 
under  atmospheric  thermodynamic  conditions.  In  the  case  of  com¬ 
bustion  process  chamber  pressure  and  pressure  gradient  histories 
measured  during  the  time  after  the  onset  of  Diesel  injection  are 
measured  and  analysed  [9-11]. 

For  process  analysis  a  phenomenological  model  of  a  multi-step 
oxidation  (and  ignition)  has  been  constructed  and  used  in  the 
present  analysis  as  described  in  [9-11].  In  this  model  two  mea¬ 
sured  parameters  are  investigated:  pressure  history  and  pressure 
gradient  distribution  both  as  a  function  of  time  after  injection  be¬ 
gins.  The  whole  process  is  analysed  from  time  “zero”  defined  as  a 
trigger  signal  for  Diesel  injector  (start  of  injection  “IB”).  At  this 
point  the  thermodynamic  conditions  in  the  combustion  chamber 
are  characterized  by  initial  chamber  pressure  pIB  and  initial  cham¬ 
ber  temperature  7jB.  Additionally,  a  characteristic  time  t  (delay 
time)  of  a  particular  phase  of  the  process  is  analysed  and  mea¬ 
sured  starting  at  zero-time  point  (point  IB)  -  see  Table  1.  These 
characteristic  time  instances  are  measured  at  locations  of  partic¬ 
ular  points  with  respect  to  the  zero  time-line;  tCF  is  the  character¬ 
istic  time  of  cool-flame  reactions;  tBF  is  the  characteristic  time  of 
blue-flame  reactions;  tcomb  is  the  characteristic  time  of  high-tem- 
perature  reactions.  For  analysis  of  the  reaction  rate  a  slope  of  the 
reaction  curve  corresponding  to  the  particular  oxidation  process 
is  described  by  average  pressure  changes  in  time  [bar/ms];  slCF 
is  the  slope  of  cool-flame  reactions;  slBF  is  the  slope  of  blue-flame 
reactions;  slcomb  is  the  slope  of  high-temperature  oxidation  (heat 
release). 
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Fig.  12.  Pressure  history  (top)  and  pressure  gradient  distribution  (bottom)  as  measured  in  a  macro-cellular  SiC  non-foam  reactor  in  time  after  fuel  injection  starts: 
Tib  =  600  °C,  mfuei  =  23.7  mg,  pIB  =  var. 


4.  Results  and  discussion 

4A.  Comparison  of  processes  in  porous  reactors  and  free  volume 

In  order  to  underline  significant  differences  in  the  heat-release 
process  (combustion)  in  a  porous  reactor,  this  process  will  be 
compared  to  the  free  combustion  in  a  gas  phase.  For  this  reason 
simple  models  of  an  adiabatic  free  volume  and  porous  reactor  have 
been  developed  as  described  below.  The  reactor  consists  of  a  con¬ 
stant-volume  adiabatic  combustion  chamber  filled  with  working 
gas.  A  given  amount  of  energy  £ch  is  supplied  with  injected  fuel 
into  the  chamber.  As  a  result  of  oxidation  processes  (heat  release) 
this  energy  is  transferred  into  heat  Qin.  According  to  this  heat 
release  Qin  the  internal  energy  of  the  gas  increases  and  the  gas  tem¬ 
perature  changes  according  to  the  internal  energy  change.  In  a  con¬ 
stant-volume  and  adiabatic  combustion  chamber  this  results  in 
chamber  pressure  changes  A p  corresponding  to  the  gas  tempera¬ 
ture  changes  AT.  In  the  case  of  a  non-stationary  process  a  pressure 
history  in  time  is  investigated.  In  the  case  of  a  porous  reactor  the 
system  consists  of  a  porous  reactor  (PM)  and  working  gas  trapped 
in  the  reactor  volume.  The  system  has  a  constant  volume  and  is  an 
adiabatic  combustion  chamber  completely  filled  with  the  porous 
structure.  Again  a  given  amount  of  energy  Ech  is  supplied  with  fuel 
injection  into  the  reactor  free  volume  (open  pores  volume).  As  a  re¬ 
sult  of  oxidation  processes  this  energy  will  transfer  into  heat  Qin. 
This  heat  release  increases  the  internal  energy  of  the  gas  trapped 
in  the  porous  structure  volume  and  of  the  reactor  itself.  According 


to  this  energy  increase  the  gas  temperature  changes  according  to 
the  internal  energy  change  including  energy  change  of  the  porous 
reactor  [17].  Contrary  to  the  free-volume  reactor,  the  gas  trapped 
in  a  porous  reactor  volume  cannot  be  thermodynamically  decou¬ 
pled  from  the  internal  energy  changes  of  the  reactor.  Additionally 
it  must  be  considered  that  the  mass  of  the  porous  reactor  is  at  least 
hundreds  of  times  higher  than  the  mass  of  gas  trapped  inside  the 
PM  volume.  As  a  consequence  of  this  thermal  coupling  of  both 
“components”,  quite  a  different  change  in  the  gas  temperature 
trapped  in  the  PM  volume  results  as  compared  to  a  free-volume 
reactor.  Finally,  a  significantly  reduced  pressure  change  A p  is 
measured  as  a  result  of  the  combustion  process  in  the  porous 
reactor  as  compared  to  free-gas  adiabatic  conditions.  This  effect 
may  clearly  be  observed  in  Fig.  4  comparing  the  heat-release 
process  in  a  macro-cellular  SiC  structure  with  free  Diesel-like  com¬ 
bustion  under  initial  pressure  pIB  =  14  bar  and  initial  temperature 
Tib  =  400  °C.  Especially  low-temperature  oxidation  processes  (cool- 
and  blue-flames  reactions)  are  significantly  accelerated  in  a  porous 
reactor.  The  heat  released  in  a  high-temperature  oxidation  process 
(combustion)  in  the  case  of  this  reactor  is  partly  transferred  to  the 
reactor  solid  phase  making  use  of  the  larger  heat  capacity  of  this 
material  as  compared  to  the  gas.  These  differences  to  free  Diesel 
combustion  are  especially  visible  at  lower  initial  temperatures 
Tib.  Especially  important  feature  of  combustion  in  reactor  is  re¬ 
duced  combustion  temperature  into  its  large  heat  capacity,  as 
indicated  in  Fig.  5.  This  figure  compares  temperature  histories  as 
measured  after  fuel  injection  starts  in  free  volume  combustion 
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Fig.  13.  Delay  time  as  a  function  of  initial  chamber  pressure  measured  at  two  initial  reactor  temperatures  (400  °C  and  600  °C)  for  a  constant  amount  of  injected  fuel  and 
variable  air  excess  ratio. 


chamber  and  in  macro-cellular  SiC  reactor.  Varying  maximum 
temperature  in  a  free  volume  combustion  systems  is  due  to  vari¬ 
able  air  excess  ratio  corresponding  to  different  initial  conditions 
(initial  pressure).  Contrary  to  that,  almost  constant  maximum 
combustion  temperature  in  real  porous  reactor  has  been  recorded 
independently  of  initial  pressure  indicates  the  role  of  heat  capacity 
and  heat  transfer  conditions  defining  amount  of  heat  accumulated 
in  the  porous  reactors. 

Comparison  of  delay  times  (t)  and  slopes  (si)  at  relatively  low 
initial  temperature  7jB  =  400  °C  is  given  in  Fig.  6  (for  definition 
see  Table  1 ).  The  delay  time  is  much  shorter  in  a  porous  reactor 
as  compared  to  free  Diesel  combustion.  This  is  a  result  of  energy 
accumulated  in  the  reactor  solid  phase  and  very  fast  heat  transfer 
inside  the  reactor  volume.  The  reaction  slope  (reaction  rate)  in  the 
porous  reactor  steadily  increases  due  to  the  increase  of  initial  pres¬ 
sure  being  much  higher  than  for  free  Diesel  combustion  at  high 
pressures  pIB.  Please  note  that  in  both  cases  investigated,  non-pre- 
mixed  conditions  are  considered.  This  means  that  only  the  initial 
phase  of  the  combustion  process  is  considered.  However,  owing 
to  the  Diesel  spray’s  interaction  with  a  porous  structure  [12-16], 
the  mixture  inside  the  SiC  reactor  is  better  distributed  in  space 
as  it  is  in  the  case  of  free  Diesel  injection.  The  pressure  gradient 
history  indicates  that  the  heat  release  rate  in  a  porous  reactor  is 
much  higher  than  that  of  free  Diesel  combustion.  The  lowered 
combustion  pressure  peak  is  a  result  of  lowered  combustion  tem¬ 
perature  due  to  the  heat  capacity  of  the  porous  reactor.  Conse¬ 
quently  this  effect  leads  to  significantly  reduced  NO*  combustion 
emissions.  Keeping  the  reactor  temperature  below  thermal  NOx- 
formation,  it  is  possible  to  realize  a  nearly-zero  NO*  emissions  level 
combustion  process.  The  effect  of  a  porous  reactor  on  the  mixture 
formation  and  combustion  process  is  related  to  two  main  aspects: 


as  already  indicated,  heat  capacity  of  the  reactor  and  correspond¬ 
ing  heat  accumulation,  and  reactor  structure  significantly  influenc¬ 
ing  the  fuel  injection  process,  fuel  distribution  in  the  reactor 
volume,  fuel  vaporization  and  mixing  with  air  trapped  in  the  reac¬ 
tor  volume.  From  this  point  of  view  there  is  a  number  of  parame¬ 
ters  of  a  porous  reactor  which  are  critical  when  applied  to  the 
combustion  process:  pore  size  (cells),  pore  structure,  pore  density, 
heat  capacity  (mass),  specific  surface  area,  number  of  wall  junc¬ 
tions  for  interaction  with  Diesel  sprays,  thickness  of  wall  junctions, 
micro-porosity,  thermal  and  mechanical  stability.  From  this  point 
of  view  there  are  two  groups  of  reactors  with  significantly  different 
features:  foam  structures  and  macro-cellular  non-foam  reactors 
[8].  Fig.  7  shows  a  comparison  of  both  kinds  of  reactors.  In  the  case 
of  foam  structures  two  different  pore  densities  (high  density: 
30  ppi  and  low  density:  8  ppi)  are  presented.  It  can  be  seen  that 
pore  size  and  density  will  significantly  influence  the  fuel-injection 
process  inside  the  reactor,  as  indicated  in  Fig.  8.  The  contour  lines 
indicate  the  fuel  distribution  in  the  cross-section  of  the  reactor.  In 
the  reactor  of  low  pore  density  (8  ppi)  the  pores  are  large  and  the 
number  of  wall  junctions  is  low  resulting  in  reduced  radial  spread¬ 
ing  of  the  fuel  and  predominatingly  axial  penetration  (along  the 
spray  axis)  of  the  Diesel  jet.  With  increasing  pore  density  (10  ppi 
and  30  ppi)  the  axial  fuel  penetration  in  a  porous  reactor  decreases 
and  radial  spreading  increases  [12-16].  In  the  case  of  the  combus¬ 
tion  process  pore  density  influences  not  only  the  fuel  distribution 
in  porous  structure  but  also  the  heat  capacity  of  the  reactor  signif¬ 
icantly,  bearing  on  pressure  and  temperature  histories.  Compari¬ 
son  of  foam  structure  reactor  (especially  of  high  pore  density) 
and  macro-cellular  non-foam  reactor  indicates  that  the  latter 
structure  is  characterized  by  the  following  features:  lower  heat 
capacity,  much  larger  pores,  non-homogeneous  pore  structure, 
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Fig.  14.  Reaction  slope  as  a  function  of  initial  chamber  pressure  measured  at  two  initial  reactor  temperatures  (400  °C  and  600  °C)  for  a  constant  amount  of  injected  fuel  and 
variable  air  excess  ratio. 


much  thicker  wall  junctions,  fewer  wall  junctions,  and  much  lower 
specific  surface  area.  These  differences  are  visible  in  the  heat  re¬ 
lease  process  as  measured  in  both  kinds  of  reactor,  see  Fig.  9.  This 
figure  compares  heat  release  processes  in  a  macro-cellular  reactor 
and  in  a  foam-structure  reactor  of  high  pore  density  (30  ppi)  under 
similar  thermodynamic  conditions.  The  low-temperature  oxida¬ 
tion  reactions  (cool-  and  blue-flames  reactions)  perform  similarly 
in  either  reactor.  The  heat-release  process  in  a  high-temperature 
oxidation  process  is  different,  especially  owing  to  the  differences 
in  the  heat  capacity  of  either  reactor.  These  differences  are  then 
significantly  reduced  by  reducing  the  pore  density  of  a  foam  reac¬ 
tor  (8  ppi),  as  shown  in  Fig.  10.  In  this  case  the  heat-release  pro¬ 
cess,  corresponding  pressure  history  as  well  as  heat-release  rate 
are  similar  for  both  reactors;  however,  both  reactors  are  character¬ 
ized  by  significantly  different  pore  size  and  pore  structure.  These 
examples  indicate  the  complexity  of  mixture  formation,  auto-igni- 
tion  and  heat-release  process  as  performed  in  porous  reactors.  Still 
no  simple  rules  are  known  to  understand  the  process,  and  intense 
investigations  must  be  continued  to  describe  the  effect  of  different 
reactor  parameters  on  the  combustion  process.  The  present  inves¬ 
tigation  is  an  initial  contribution  to  this  topic. 

4.2.  Heat  release  process  in  a  macro -cellular  SiC  non-foam  reactor 

Experimental  investigations  on  heat-release  processes  in  a 
macro-cellular  SiC  non-foam  reactor  have  been  performed  under 
different  test  conditions.  In  particular  the  effects  of  initial  gas 
pressure  pIB,  initial  reactor  temperature  TIB  and  the  effect  of  the 
mass  of  injected  fuel  mfuei  on  low-  and  high-temperature 
oxidation  reactions  including  thermal  (auto)  ignition  are  consid¬ 
ered.  Pressure  and  pressure  gradient  histories  as  measured  after 


fuel  injection  starts  in  a  porous  reactor  at  TIB  =  400  °C  and  mfuei  = 
23.7  mg  for  different  initial  gas  pressures  pIB  are  presented  in 
Fig.  11.  First  insight  into  the  pressure  histories  indicates  that 
the  gas  pressure  at  the  moment  of  fuel  injection  onset  is  a  critical 
factor  for  the  heat  release-process  (at  constant  initial  temperature 
TIB).  The  higher  the  initial  gas  pressure  pIB>  the  shorter  the  delay 
time  and  faster  the  heat-release  rate.  The  combustion  pressure 
peak  will  go  up  with  increasing  initial  chamber  pressure.  Pressure 
gradient  distributions  show  a  single-peak  character  indicating  a 
single-step  ignition  process  (or,  that  no  ignition  occurs).  The 
maximum  of  pressure  gradient  distribution  corresponds  to  the 
maximum  of  the  heat-release  rate. 

At  higher  initial  reactor  temperature  7jB  =  600  °C  and  variable 
initial  gas  pressure  pIB  the  investigated  process  is  shown  in 
Fig.  12.  Similarly  to  the  case  of  400  °C,  the  heat-release  process 
is  strongly  pressure-dependent.  At  higher  temperature  (600  °C), 
the  delay  time  is  significantly  shorter  as  compared  to  the  case 
of  400  °C.  At  lower  pressures  (pIB<12bar)  the  reaction  rate  is 
much  lower  and  the  pressure  history  curves  show  very  slow  oxi¬ 
dation  in  an  initial  phase  of  the  process.  This  low-temperature 
oxidation  process  is  then  significantly  reduced  at  higher  gas  pres¬ 
sures.  The  pressure  gradient  shows  that  at  initial  gas  pressures 
lower  than  16  bar  the  distribution  has  a  single-peak  character 
indicating  a  single-step  ignition  process.  At  the  highest  pressure 
investigated,  however,  this  character  shows  a  tendency  to  be  a 
bi-modal  distribution  indicating  possible  multi-step  ignition  con¬ 
ditions  in  the  reactor.  Delay  times  and  reaction  slopes  for  both 
initial  temperatures  investigated  are  plotted  in  Figs.  13  and  14. 
Firstly,  a  critical  influence  of  the  initial  reactor  temperature  on 
delay  time  and  reaction  dynamics  is  observed.  The  delay  times, 
both  of  low-  and 
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Fig.  15.  Pressure  history  as  measured  in  a  macro-cellular  SiC  non-foam  reactor  in  time  after  fuel  injection  starts  at  three  constant  amounts  of  injected  fuel  and  constant  air 
excess  ratio  (X  =  1,3)  for  variable  TIB  and  pIB:  top  -  mfuei  =  7.5  mg;  middle  -  mfuei  =  13.8  mg;  bottom  -  mfuei  =  26.4  mg. 


high-temperature  oxidation  processes,  gradually  decrease  with 
increasing  initial  chamber  pressure  pIB.  The  reaction  rate  of  a 
high-temperature  process  for  initial  reactor  temperature  400  °C 
almost  linearly  increases  with  increasing  initial  chamber  pressure 
from  approximately  2  bar/ms  at  pm  =  8  bar  to  almost  6  bar/ms  at 
pIB  =  20  bar.  The  reaction  rate  of  a  low-temperature  oxidation  is 
significantly  lower,  being  on  the  level  of  0.2  bar/ms.  At  higher 
reactor  temperature  (600  °C)  the  behavior  is  similar,  however, 
the  slope  for  a  high-temperature  oxidation  has  a  maximum  at 
Pis  =  18  bar.  The  reaction  rates  are  two  to  three  times  higher  than 


those  observed  at  lower  reactor  temperature.  Again,  the  slope  of 
low-temperature  oxidation  (cool-flame  reactions)  is  low  and 
almost  20  times  lower  than  for  a  high-temperature  process. 

Finally,  the  process  is  investigated  at  constant  mass  of  injected 
fuel  and  constant  air  excess  ratio  (2).  Such  test  conditions  require 
that  the  initial  reactor  temperature  and  initial  gas  pressure  be 
variable.  The  heat-release  process  in  a  macro-cellular  SiC  reactor 
at  three  constant  amounts  of  fuel  injected  into  the  reactor  is  shown 
in  Fig.  15.  The  mass  of  injected  fuel  corresponds  to  the  amount  of 
energy  supplied  to  the  porous  reactor.  For  a  constant  heat  capacity 
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Fig.  16.  Delay  time  (top)  and  reaction  slope  (bottom)  distributions  as  functions  of  initial  reactor  temperature  for  a  constant  amount  of  injected  fuel  mfuei  =  26.4  mg  and 
constant  air  excess  ratio  X  =  1.5. 
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Fig.  17.  Fields  representing  characteristic  combustion  modes  in  macro-cellular  reactor  as  compared  to  free  Diesel  injection  and  combustion  conditions. 


of  the  porous  reactor  a  variable  amount  of  supplied  energy  Ech  (and 
corresponding  heat  Q.)  means  that  different  amounts  of  heat  are 
accumulated  in  the  reactor  solid  phase.  Because  of  a  very  large 
reactor  heat  capacity  as  compared  to  the  heat  capacity  of  gas 
trapped  in  the  porous  medium  volume,  the  reactor  temperature 
changes  will  not  directly  follow  the  amount  of  released  heat  as 
would  be  expected  in  a  free-volume  system.  This  is  clearly  shown 


in  the  case  of  a  small  amount  of  injected  fuel  (mfuei  =  7.5  mg)— see 
top  diagram  in  Fig.  15.  There  is  only  a  weak  increase  of  pressure 
after  injection  has  started,  indicating  very  low  temperature  in¬ 
crease  of  the  gas  in  the  reactor  corresponding  to  the  reactor 
temperature  increase.  With  an  increasing  amount  of  injected  fuel, 
more  and  more  energy  is  supplied  to  the  reactor,  resulting  in 
higher  temperature  change  of  the  porous  reactor.  This  temperature 
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Fig.  18.  Fields  representing  characteristic  combustion  modes  and  delay  times  in  macro-cellular  reactor  as  compared  to  free  Diesel  injection  and  combustion  conditions. 


change  corresponds  to  the  pressure  change  measured  in  the  com¬ 
bustion  chamber.  An  increasing  amount  of  injected  fuel  signifi¬ 
cantly  accelerates  the  low-  and  high-temperature  oxidation 
processes  and  shortens  delay  time.  At  a  small  amount  of  injected 
fuel,  a  very  much  delayed  and  slow  oxidation  process  is  noticeable 
before  chamber  pressure  rises.  At  larger  amounts  of  injected  fuel 
and  at  lower  reactor  temperatures,  the  process  is  significantly  de¬ 
layed  due  to  lower  reaction  rates.  With  increasing  reactor  temper¬ 
ature,  delay  time  is  shortened  and  reaction  rate  (heat  release) 
increases.  At  high  reactor  temperatures  the  heat-release  process 
is  very  fast  and  performs  very  quickly  after  fuel  injection  starts. 
This  is  supported  by  analysis  of  delay  time  and  reaction  slope  for 
a  macro-cellular  SiC  non-foam  reactor  as  a  function  of  initial 
reactor  temperature,  as  plotted  in  Fig.  16.  At  very  low  reactor 
temperatures  the  process  is  much  delayed  (tcomb  >  120  ms)  and 
significantly  accelerates  with  increasing  temperature.  At  higher 
reactor  temperatures,  delay  time  is  very  short,  on  the  level  of 
1  ms.  Further  increase  of  initial  reactor  temperature  cannot  consid¬ 
erably  reduce  this  delay  time.  The  reaction  rate  (slope  distribution) 
significantly  increases  with  increasing  initial  reactor  temperature, 
especially  for  7jB  >  400  °C.  The  slope  has  a  maximum  of  distribution 
at  Tig  =  550  °C. 

For  an  overall  view  of  heat  release  performed  in  free  volume  and 
in  macro-cellular  reactor,  characteristic  features  of  the  process  have 
been  plotted  inpIB  -  7jB  diagrams,  as  shown  in  Fig.  17.  This  diagram 
shows  characteristic  reaction  behavior  represented  by  a  single-  and 
multi-step  oxidation  [11].  There  are  three  regions  representing 
three  different  characteristics  of  the  oxidation  process:  region  1- 
single-step  reactions  and  is  located  at  lower  initial  temperatures 
for  all  initial  pressures;  region  2  -  multi-step  reactions  with  two 
slopes  recognizable  in  the  reaction  curve  and  is  located  in  the  range 
of  middle-high  initial  temperatures  at  middle-high  initial  pres¬ 
sures;  region  3  is  characterized  by  multi-step  reactions  with  three 
slopes  recognizable  in  the  reaction  curve  and  is  located  in  the  range 
of  higher  initial  temperatures  at  low-middle  initial  pressures. 

Another  characteristic  feature  of  investigated  processes  is  reac¬ 
tion  delay  time,  as  shown  in  Fig.  18.  There  are  five  characteristic  re¬ 
gions  to  be  selected  according  to  the  delay  time  (t)  duration: 
t  >  20  ms  located  at  lower  initial  temperatures  at  all  investigated 
initial  pressures;  10  ms  <  t  ^  20  ms  located  at  higher  initial  tem¬ 
peratures  and  lower  initial  pressures  as  well  as  in  a  small  region 
of  high  initial  pressures;  5  ms  <  t  ^  10  ms  located  at  higher  initial 


temperatures  and  lower-middle  initial  pressures  as  well  as  in  a 
small  region  of  high  initial  pressures;  2  ms  <  t  ^  5  ms  located  at 
higher  initial  temperatures  and  middle  to  high  initial  pressures; 
t^2ms  and  is  located  at  high  initial  temperatures  and  high  initial 
pressures.  Analysis  of  characteristic  regions  presented  in  Figs.  17 
and  18  indicates  qualitative  similarity  of  heat  release  process  as 
performed  under  Diesel-like  and  in  porous  reactor  conditions. 

5.  Concluding  remarks 

For  conducting  experimental  investigations  a  unique  macro- 
cellular  SiC  non-foam  reactor  has  been  developed  and  used  for 
the  investigation  of  Diesel-like  fuel  injection,  mixture  formation 
and  heat-release  process  under  piston-engine  conditions.  A  special 
constant-volume  and  adiabatic  combustion  chamber  has  been 
used  for  simulation  of  piston-engine  conditions. 

Using  a  common-rail  Diesel  injection  system,  fuel  was  injected 
into  the  porous  reactor  and  the  following  processes  of  fuel  distri¬ 
bution,  vaporization,  mixing  with  air,  thermal  auto-ignition  and 
heat  release  were  performed  in  the  reactor  volume.  A  high-pres¬ 
sure  Diesel  injection  process  was  realized  in  such  a  structure.  By 
direct  fuel  injection  into  the  reactor  volume,  Diesel  jets  interaction 
with  wall  junctions  of  the  SiC  reactor  significantly  supports  fuel 
distribution  within  the  reactor  volume,  fuel  vaporization  as  well 
as  homogenization  of  fuel-air  mixture. 

The  heat-release  process  has  been  compared  to  a  free  Diesel 
combustion  indicating  a  significant  influence  of  the  reactor  heat 
capacity  on  the  thermodynamics  of  the  process.  The  combustion 
pressure  peak  is  significantly  lowered  owing  to  the  reduced  com¬ 
bustion  temperature  due  to  the  heat  accumulated  in  the  porous 
reactor.  This  allows  realizing  a  very  low  NOx-combustion  process. 
As  already  shown  in  the  literature,  this  kind  of  internal  combustion 
engine  with  heat  release  in  porous  reactor  has  also  great  potential 
for  increasing  the  cycle  efficiency  (recuperation  of  heat  accumu¬ 
lated  in  the  reactor). 
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